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I. Introduction
Over the past twenty years, there have been over 200 reported cases of aircraft engine power loss due to the accretion of ice crystal particles in the compression system of commercial turbofan engines (Ref. 1). The majority of the work in response to this aviation safety concern has focused on understanding the mechanism by which particles in high ice-water content (HIWC) conditions can accrete on compressor stator blades, understanding the environmental conditions in which accretion can occur, and related regulatory guidance. While avoidance of HIWC conditions and compressor redesigns are the ideal long-term solutions, it is important to provide some mechanism for existing aircraft to safely operate in these conditions if they are encountered.
Unfortunately, existing airframe sensors and manual monitoring approaches are not capable of detecting these HIWC conditions: typical weather RADAR sees the condition as clear air, and there is no visible indication of ice growth on the cockpit windows (Ref. If a system is capable of detecting the presence of ice blockage, it may be possible to change the engine's operating point to actively mitigate the impact of that ice. Earlier detection of the presence of ice blockage leads to a larger number of feasible mitigation strategies. For example, if a thin layer of accreted ice is detected it may be possible to increase the compressor's speed to shed the ice. However, it is likely that ice shedding from the compressor through the rest of the engine core can cause compressor surge, flameout, and engine damage (Ref. 6) . It is reasonable to assume that the larger the ice blockage is when it is shed, the more serious the consequences. Additional possible mitigation techniques include modifying engine bleeds and variable stator vanes to increase the flow through the core, or increasing the compressor temperature, reducing the chance of accretion.
From a propulsion system perspective, accreted ice restricts compressor flow capacity and reduces compressor efficiency (Ref. 7) . These changes can be modeled as a shift in the compressor map. A compressor map (shown in Fig. 1 ) captures the operational behavior of a compression system by relating the mass flow rate through the compressor to the pressure ratio across the compressor at given rotational speeds. In addition to these speed lines, a compressor map contains a surge line. This surge line represents the collection of points beyond which it is not possible for the compressor to operate. If one attempts to operate the compressor beyond the surge line, flow reversal will typically occur resulting in loss of thrust and potential component damage.
Previous simulations conducted using icing code (LEWICE) and steady-state compressor design code (COMDES) determined that for a generic 40,000 lb f thrust class engine, it is possible for ice to accrete in the second stator row of the Low Pressure Compressor (LPC) (Ref. 7) . Based on this information, new compressor maps were developed that capture the effect of fixed levels of ice blockage (10, 20, 27, 30, 35 , and 40 percent). All of the maps are shown in Figure 1 . It is clear that for each speed line there is a decrease in mass flow rate and pressure ratio as the size of ice blockage increases. This is particularly true at higher rotational speeds. In addition, the surge line moves to lower pressure ratios as the ice blockage increases. This means that the compressor is likely operating very close to surge during icing conditions.
The work described in this paper seeks to develop a detection algorithm using the existing sensor suite that can be realistically implemented in modern commercial aircraft gas turbine engines. To develop this algorithm, engine icing models will be implemented in a high-fidelity engine simulation through the discussed "iced" LPC compressor maps. This will enable a study of the impact of ice accretion on the output of the available sensors. Once the algorithm is developed, it will be tested in both iced and noniced conditions and various operating points to determine the detection accuracy and latency. The engine simulation environment and means of simulating the effect of ice accretion in the LPC are discussed in Section II. Section III contains an analysis of the change in engine sensor outputs as the ice blockage grows larger. Section IV presents a practical detection algorithm with the results shown in Section V. Some conclusions and future work are discussed in Section VI.
II. Modeling Engine Icing
In order to simulate the effect of ice accretion on engine operation, LPC maps with various levels of ice blockage are integrated into a high-fidelity engine simulation. The aircraft engine simulation used in this work is the NASA Commercial Modular Aero-Propulsion System Simulation 40k (C-MAPSS40k). This simulation models a commercial, high-bypass, turbofan engine in the 40,000 lb f thrust class (Ref. 8) . The model is a 0-dimensional, physics-based simulation written in MATLAB/Simulink (The Mathworks, Inc.), and is capable of full envelope operation. Further, the simulation includes a controller with an "industry standard" architecture (Refs. 9 and 10) that can be used as a baseline against which to compare the performance of new control laws. The presence of a realistic controller is crucial since the engine controller will naturally respond to the presence of the ice blockage, thus changing the operating point. In fact, it has been shown that this action may lead to the engine rollback phenomenon observed in some of the icing induced power-loss events (Ref. 5) . Another key component of C-MAPSS40k is the ability to enable realistic sensor noise. This noise is not a Gaussian noise summed to the sensor output; rather it is based on work introduced in Reference 11, and is present on all sensors including those used for control. The resulting noise appears similar to that of a random walk process.
Once the compressor maps are encoded in the proper format, they are integrated into C-MAPSS40k. The code that models the LPC component is passed a variable containing the ice blockage percentage (between 0 and 40 percent). In order to simulate ice blockage at levels between the fixed points, the operating point is computed on each iced map and then linear interpolation is used to compute the actual operating point. Throughout the paper, ice blockages greater than 27 percent will not be studied for the following reasons. If the detection scheme has not identified the icing prior to this point it will likely be too late to implement most mitigation strategies. Furthermore, the impact of icing on the engine becomes highly non-linear at this point and the LPC will be choked for nearly all operating points.
III. Impact of Icing on Sensed Outputs
The purpose of the engine control law is to take the throttle angle (PLA) commanded by the pilot and regulate the fuel flow rate to the engine to maintain a desired level of thrust in a safe manner. Since thrust is not a measurable quantity, either fan speed (N f ) or engine pressure ratio (EPR, which is the ratio of LPT exit pressure to inlet pressure) is regulated, both of which are proportional to thrust. While engine control is more complex than this simple regulation scheme (see Refs. 9 and 10 for more details), it is sufficient for this work to understand that the response of the engine to icing will be different depending on which variable is regulated.
The typical commercial aircraft engine contains between seven and ten sensors used for control and monitoring purposes. Most engines contain sensors consisting of inlet pressure and temperature (P 2 and T 2 ), fuel flow (W f ), fan and core speed (N f and N c ), burner pressure (P s3 ) and exhaust gas temperature (T 50 ). Engines that are EPR controlled have a LPT exit pressure (P 50 ) sensor. Additionally, many engines are equipped with inter-compressor pressure and temperature (P 25 and T 25 ) sensors for gas path monitoring. The engine schematic shown in Figure 2 highlights the location of these sensors.
In the following example, the outputs of the ten engine sensors included in the C-MAPSS40k engine simulation are shown for a condition in which there is initially no ice in the LPC, but at 10 s ice begins to accrete until 20 s, at which point there is 27 percent ice blockage. The simulation is performed for both EPR and fan speed controlled engines to generate the plots shown in Figure 3 . One can see that the inlet conditions (P 2 and T 2 ) are identical since both tests were conducted at the same flight condition. As expected, N f is nearly constant for the fan speed controlled engine as is P 50 for the EPR controlled engine. The six remaining sensors all exhibit common behavior during ice accretion. Further, the magnitude of the change is nearly the same in all but W f and P s3 where the change is much smaller for fan speed controlled and EPR controlled engines, respectively. Based on this information, any detection algorithm that seeks to operate under both EPR and fan speed control should focus on N c , T 25 , T 50 , and P 25 . However, as stated earlier, the station 25 sensors are not present in all engines. Thus it makes sense to consider EPR and fan speed controlled engines separately. When EPR controlled, N f and W f are useful, and when fan speed controlled, P 50 and P s3 are useful. The simulations throughout the remainder of this paper will utilize an EPR setpoint controller. There are many different types of detection schemes ranging from simple threshold techniques to sophisticated adaptive, model-based approaches. However, more complex designs present increased certification challenges and also require more processing resources. Thus, the authors seek to develop as simple an approach as possible to mitigate some of these implementation challenges and enable earlier acceptance and adoption of this approach.
The original intent was to develop a detection scheme where expected sensor measurement values as a function of flight condition are stored in a lookup table or database. The difference between the actual sensor measurements and the typical values is calculated. The resulting vector of data, known as a residual vector, describes how far each sensor's output is from the expected. This vector can then be operated on to generate a scalar "distance" performance metric. When the distance exceeds a specified threshold, the fault is detected. The residuals for each case are computed and plotted in Figure 4 . The flight condition for Case 3 was chosen to be slightly shifted from the trim point in order to evaluate the impact of changes in operating point on the ability to detect the presence of icing. Ideally for detection, one would find that the residuals from the "icing" event are larger than those corresponding to other variations (such as engine deterioration or flight condition). Unfortunately, that is not the case here. The magnitude of the residual for Case 1 at 27 percent blockage is less than or approximately equal to the residuals of the other cases for four of the seven sensors. The only sensors that allow for the icing to be distinguished from the other non-iced cases are the fan speed, core speed, and station 25 pressure sensor. Further complicating matters is the fact that the two shaft speed residuals from Case 1 do not exceed the residuals of Case 3 until approximately 19 s (equivalent to 24 percent blockage). Any additional deviation from the trim point condition would likely further reduce the usefulness of these two sensors for ice accretion detection. This leaves us with only the P 25 sensor to utilize, which again, is not included in every engine. Further, any detection scheme based solely on a single sensor is not robust to sensor failure. Thus another scheme must be developed.
IV. A Practical Detection Scheme
To overcome the challenges of the residual based approach while still achieving the goals of simple design and low computational overhead, a heuristic-based detection scheme is developed. One of the results of the data plotted in Figure 3 is that there is a clear signature associated with the accretion of ice in the LPC. Regardless of the control scheme, there is a clear rise in the core shaft speed (N c ) and the exhaust gas temperature (T 50 ). When EPR is controlled, there is an additional increase in the fuel flow rate (W f ) and fan speed (N f ). When under fan speed control, there is a slight decrease in the core pressures (P s3 and P 50 ). If the station 25 sensors are present then there is an additional indication as the value of both pressure and temperature at station 25 decreases (directly due to the change in the LPC map). The case where the station 25 sensors are not present poses a particular challenge due to that fact that the icing signature is not unique. In fact, any increase in fuel flow rate will result in an increase in core shaft speed, fan shaft speed (when EPR controlled), and exhaust gas temperature. However, if the inputs to the engine are relatively constant then we should still be able to detect this increase in engine operating point.
These observations constitute the fault signature and can be used to develop a detection heuristic. Note that this detection approach only works when the engine input conditions are near steady-state (relatively constant P 2 , T 2 , and PLA). This limitation should not be overly burdensome as nearly all cases of expected engine icing have occurred during cruise or descent where the flight condition is very slowly changing and the engine throttle is constant. Detection of this icing signature then consists of determining when the appropriate sensor outputs are changing. To do this, once the engine input parameters are in quasi-steady-state (Ref. 12) a long horizon moving average is computed for each of the variables of interest in addition to a much shorter horizon filter (or simply the already available conditioned signal). For sensor measurements that increase during icing, we look for when the lightly filtered signal is greater than the heavily filtered signal and the reverse for decreasing sensors. When all of the sensors have the proper condition, a counter is incremented for each consecutive control time step for which the true condition exists. If any of the conditions become false, then the counter is reset. Once this counter exceeds a threshold value, the ice accretion is declared as occurring. This procedure is shown as a flow chart in Figure 5 where the input "sensor values" is the vector of all the sensors used for detection. To determine the value of the threshold, a series of steady-state, non-iced simulations are conducted. The inputs to these simulations are chosen randomly around the flight envelope with sensor noise, random engine deterioration, and engine-to-engine variation (Ref. 13 ) providing variability. The output of these Monte-Carlo tests is then run through the detection scheme to determine what threshold value will result in the desired false positive rate.
V. Results
The results presented in this section are for an EPR controlled engine and for linear ice growth from 0 to 27 percent blockage over 120 s. As more information on the physical ice accretion process becomes available this can be modified to generate more realistic results. From a detection standpoint, it would require modifying the length of the moving average filters, but not the basic structure. For the purposes of this paper, the time horizon is fixed at 1.5 s for the fast filter. The window size of the long moving average is tested at 60, 90, and 120 s to determine the impact on detection speed and accuracy. These values are relatively arbitrary with the primary consideration being to minimize the additional delay in detection time due to the faster filter. The other consideration is that the effects of the ice accretion should not significantly impact the long average. It is expected that the long filter's horizon and the ice accretion time (to some fixed "undesirable" value) will be of similar magnitude.
Four cases are considered: without and with station 25 sensors, and desired false positive rates of 1 and 0.1 percent.
A. Without Station 25 Sensors
When operating an engine without station 25 sensors, the detection algorithm looks for cases where the outputs of four sensors (N fc2 , N cc2 , T 50c2 , and W fc2 ) are increasing. Running this algorithm with a 60 s window on the 5,000 non-iced simulations results in maximum counter values (cases when all conditions are true) as shown in Figure 6 . The long tail means that the detection threshold will have to be quite high to get the desired false positive rates. In fact, the threshold values are 1387 and 1032 for 0.1 and 1 percent false positive rates, respectively. Note that the time step of the simulation is 15 ms, thus these detection thresholds are equivalent to 20.81 and 15.48 s, respectively. To evaluate the performance of the detection scheme, 5,000 more simulations (steady-state operation with variability due to operating point, sensor noise, engine age, and engine-to-engine variation) are conducted all with ice accreting from 0 to 27 percent between time 120 and 240 s. The histogram of when detection occurs is shown in Figure 7 for both threshold values. Not surprisingly, the detection typically occurs sooner for the case tuned to have a 1.0 percent false positive rate. However, both cases show surprisingly good true positive detection rates (97.58 and 98.04 percent for the 1 percent false positive and 0.1 percent false positive cases, respectively). Also, it is interesting to note that there are rare cases where the presence of icing is detected extremely early (e.g., 2.17 s after initiation or 0.488 percent blockage). This is simply due to the random nature of the sensor noise meeting the conditions prior to the onset of icing.
The same process described above is repeated for windows of 90 and 120 s to determine the impact of that parameter on detection accuracy and speed. The results (and those for the 60 s window) are summarized in Tables 1 and 2 . From this we observe that the choice of window length has minimal impact on the detection capabilities as long as the window is "long enough." From the data here, the window could be chosen at 50 percent of the time to "unsafe" ice level and still achieve satisfactory results. 
B. With Station 25 Sensors
When the station 25 pressure and temperature sensors are available, the ice accretion fault signature should be much easier to identify. This is due to the fact than an increase in the fuel flow rate will generally cause an increase in both station 25 sensor outputs, however when icing is present we observe that both outputs decrease. Thus the detection algorithm looks for a period of time where there is an increase in the outputs of the N fc2 , N cc2 , T 50c2 , and W fc2 sensors and a simultaneous decrease in the outputs of the T 25c2 and P 25c2 sensors. Again, the long and short window filters are used to process the sensor outputs prior to determining if the signature is present. This algorithm is then run on the 5,000 un-iced simulations to determine the threshold that will result in the desired false positive rate.
The histogram of the un-iced results is shown in Figure 8 when a 60 s window is used. Immediately we observe that the distribution is much tighter and closer to zero than that shown in Figure 6 , even with the presence of a very long tail on the right hand side. By analyzing the data we find that to achieve a false positive rate of 1 percent, a threshold of 547 iterations must be used, and for 0.1 percent the threshold is 741. Again, this shows that the icing signature is much more distinguishable when the station 25 sensors are available to use.
When the detection algorithm with a 60 s moving average window is run on the 5,000 Monte Carlo cases where ice accretion occurs from 120 to 240 s the detection time histograms shown in Figure 9 are achieved. When the threshold is selected to achieve a 1 percent false positive rate, the average time of detection is 21.6 s after initiation of ice accretion, which is equivalent to 4.86 percent ice blockage. With the 0.1 percent false positive rate, the average time of detection increases slightly to 26.6 s after initiation or 5.99 percent ice blockage. Further, the true positive rates are 97.06 and 97.24 percent for 1 and 0.1 percent false positive rates, respectively.
As before, the tests were repeated using windows of 90 and 120 s for the long moving average filter. The results for both 1.0 percent false positive rate and 0.1 percent false positive rates are shown in Tables 3 and 4 , respectively. Again, the impact of increasing the window length is relatively small, resulting in only minor improvements in true positive rate and percent blockage before ice accretion detection. 
C. Summary
The true positive rates for all twelve configurations tested are relatively consistent between 97 and 98 percent. As expected, requiring a lower rate of false positives increases the detection time. Most interestingly though, the results of the detection algorithm are quite similar regardless of whether the station 25 sensors are used. Ice accretion is detected with slightly lower blockage when the station 25 sensors are included (as shown in Table 5 ), but it is not as large as one would expect given the differences in the threshold values. While a false positive rate of 1 or even 0.1 percent is not necessarily acceptable for in-flight use, these rates could be further reduced by the addition of a HIWC detector device. Since it is currently believed that the HIWC condition is necessary for ice particle accretion in the engine core, a "true" output from a HIWC detector could be added to the detection scheme that would dramatically reduce the false positive rate while not impacting the detection capability of the engine sensor based approach.
It is important to recognize that these fault signatures are not found only in cases of engine ice accretion. Other faults, such as stuck fuel metering valves, can manifest with similar signature. When the station 25 sensors are added to the detection scheme it becomes more discriminating, however a variety of LPC faults can produce the same trends. Direct estimation of the changes in the LPC map due to ice accretion requires a more complicated detection. Again, the addition of an HIWC sensor would improve the specificity of the detection algorithm.
VI. Conclusion
A simple algorithm for the detection of ice particle accretion in the engine low pressure compressor has been developed. This approach uses the typically existing engine sensor suite and is computationally simple in order to enable rapid implementation on modern aircraft engines. Two approaches were studied, one with and one without the presence of the station 25 pressure and temperature sensors. Both approaches had similar results in regard to true positive detection rates, while there is a slight advantage in detection time when using the station 25 sensors. Regardless of approach, the detection algorithm would benefit greatly from the addition of a high ice water content sensor. This sensor would allow for significant improvements in false positive rates while not impairing the detection capability.
Much work remains to be done in this area. The ice accretion models need to be validated once sufficient data are gathered. The overall engine system performance also needs to be validated once experimental data are available. Further work on developing more complex detection schemes may also be beneficial for improving detection and reducing the detection latency. Finally, work on developing mitigation strategies needs to be done to determine what course of action can and should be taken to enable the engines to continue to operate and produce thrust safely.
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